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DFTAbstract A mannich base namely N-(4-(Morpholinomethyl Carbamoyl Phenyl) Furan-2-
Carboxamide (MFC) was synthesized and characterized by FT-IR, 1H NMR, and 13C NMR.
The molecular weight of MFC was conﬁrmed by LC-MS. The inhibition effect of MFC on brass
in 1 M HCl medium has been investigated by weight loss measurement, potentiodynamic polariza-
tion, electrochemical impedance spectroscopy (EIS) and cyclic voltametry (CV). Thermodynamic
parameters such as free energy, entropy and enthalpy were calculated to describe the mechanism
of corrosion inhibitor. The inhibition efﬁciency of MFC increases with increase in concentration
and temperature ranges from 30 C to 60 C. Polarization measurements indicated that MFC acts
as a mixed type corrosion inhibitor. AC impedance indicates that Rct value increases with increase
in the concentration of inhibitor. CV reveals that the oxidation of the copper is controlled by the
addition of inhibitor on the brass metal. Surface analysis using scanning electron microscope
(SEM) shows a signiﬁcant morphological improvement on the brass surface with the addition of
the inhibitor. The adsorption of MFC on brass obeys Langmuir adsorption isotherm. The molec-
ular structure of MFC was distorted to quantum chemical indices using density functional theory
(DFT) which indicates that the inhibition efﬁciency of MFC is closely related to quantum param-
eters.
 2015 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University. This is
an open access article under theCCBY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Brass is an alloy of copper and zinc used in industries for the
functional and esthetic purpose. Brass is extensively used in
manufacturing applications such as domestic water
distribution system inside the valves, heat exchangers, cooling
water systems, power generation plants, petrochemical heat
122 N. Zulfareen et al.exchangers, plumb ﬁttings and plumbing ﬁxtures due to its
excellent electrical and thermal conductivity (Al-Mobarak
et al., 2010; Fouda and Wahed, 2011; Bastidas et al., 2003).
Brass is corrosion resistance to the atmosphere and chemical
agents owing to its mechanical property. But its corrosion is
a universal environmental problem, and it affects all aspects
of industries. The increasing interest in the manufacture and
use of hydrochloric acid in industries and industrial water sup-
ply has created the need for corrosion resistance of brass in this
acid (Benabdellah et al., 2011a,b).
Corrosion is the major problem for industrial water supply
and circulation system. Protection against corrosion was car-
ried out by adding inhibitors in acidic medium. These inhibi-
tors are organic compounds containing heteroatoms with
high electron density such as Nitrogen, Oxygen, Sulfur, Phos-
phorous and aromatic rings that cause adsorption on the metal
surface (Ramji et al., 2008). The action of the inhibitor is elec-
trochemical and involves the discharge of positively charged
particles at the cathodic area that forms an adsorbed layer
on the metal surface. The adsorption of inhibitor takes place
depends on their physical and chemical properties, the nature
of metal and the type of electrolyte solution.
Nowadays Mannich base compounds have been of interest
in order to obtain efﬁcient corrosion inhibitors since they pro-
vide much greater inhibition efﬁciency compared to corre-
sponding amines and aldehydes. Mannich reactions consist
of an amino alkylation of an acid proton placed next to a car-
bonyl functional group with formaldehyde and ammonia or
any primary or secondary amine (Chaluvaraju and Bhat,
2010). The ﬁnal product is a b-amino-carbonyl compound also
known as a mannich base. Tertiary amines are not used due to
the lack of NAH proton to form the intermediate imine.
The present paper reports on the anticorrosive behavior of
N-(4-(Morpholinomethyl Carbamoyl Phenyl) Furan-2-
Carboxamide) (MFC) a mannich base for brass in hydrochlo-
ric acid solution. Inhibition efﬁciency of the Mannich base on
brass was studied using Electrochemical impedance spec-
troscopy (EIS), potentiodynamic polarization methods and
weight loss method. Further SEM analysis was studied to
determine the surface coverage. Cyclic voltammetry was used
to study the behavior of the alloy in the oxidation and reduc-
tion potential. Density functional theory (DFT) was used to
correlate the inhibition with the coefﬁcients of molecular orbi-
tal such as highest occupied molecular orbital (HOMO) and
Lowest occupied molecular orbital (LUMO). The energy dif-
ference between EHOMO and ELUMO, atomic charges and
dipole moment of the synthesized mannich base was also stud-
ied for the theoretical prediction of the corrosion inhibition
efﬁciency.
2. Experiment
2.1. Synthesis of CFC
N-(4-Carbamoylphenyl)Furan-2-Carboxamide (CFC) was
prepared by a procedure similar to the method reported in
the literature (Jumade et al., 2009). 4 -Amino benzamide
(3.00 g, 0.0220 mol) and 2-furoyl chloride (3.428 g,
0.0264 mol) were dissolved in mixture of MDC (70 ml) and
THF (25 ml). Triethylamine (7.77 g) was added, and the mix-
ture was stirred in the presence of nitrogen atmosphere for24 h. The reaction mixture was washed with water, ﬁltered
and dried over high vacuum pump. The CFC was character-
ized by spectral techniques such as FT-IR, NMR, and LC-
MS. Fig. 1 represents the synthesis of CFC.
2.2. Characterization of CFC
Yield 93%, white solid, m.p.186–190 C., IR (KBr, mmax
cm1; 3387, 3179 (NH, St, Amide), 1658 (C‚O), 1617 (NH,
Bend, Amide), 1400 (CN, Amide), 1474, 1527 (C‚C), 1179
(CAO, furan), 841 (CH, Ar, oop). 1H NMR (400 MHz,
DMSO-d6) d(ppm): 6.71(1H, Furan), 7.36 (1H, furan), 7.80–
7.84 (4H), 7.85–7.87 (2H, Amide), 7.95 (1H, furan), 10.36
(1H, Amide). 13C NMR (400 MHz, DMSO-d6) d(ppm): d
112.1, 115.0, 119.2, 128.1, 129.1, 141.1, 145.0, 147.2, 156.2
(C‚O), 167.3 (C‚O). MS (EI): m/z (%) = 231.
Figs. 2a, 2b, 2c, 2d represent the FT-IR, 13C, 1H and LC-
MS of CFC respectively.
2.3. Synthesis of MFC
The mixture of CFC (0.0130 mol, 3 g), morpholine
(0.0130 mol, 1.1363 g), and formaldehyde (0.01956 mol,
0.587 g) was dissolved in ethanol. The reaction mixture was
reﬂuxed for 48 h at 80 C. The white solid obtained was ﬁl-
tered, washed with cold ethanol and followed by petroleum
ether. The resulted mass is dried and recrystallized from etha-
nol (Nagham et al., 2013; Karthik et al., 2011). The MFC was
characterized by spectral techniques such as FT-IR, NMR,
and LC-MS. Fig. 3 represents the synthesis of MFC.
2.4. Characterization of MFC
Yield 90%, white Solid, m.p.176–180 C., IR (KBr, mmax
cm1; 3305 (NH), 3177 (CH, Ar), 2958, 2843 (CH, Aliph),
1666 (C‚O), 1646 (NH, bend), 1548, 1472 (C‚C), 1304
(CAN, amide), 1183 (CAO, furan) 1115 (CAO, morpholine),
1023 (CAN, Amine), 852 (CH, Ar, oop). 1H NMR
(400 MHz, DMSO-d6) d(ppm): 2.50 (4H), 3.55 (4H), 4.15
(2H), 6.72 (1H, furan), 7.39 (1H, furan), 7.83–7.89 (4H), 7.96
(1H, furan), 8.72(1H, Amide), 10.40 (1H, Amide). 13C NMR
(400 MHz, DMSO-d6) d(ppm): h 50.62, 61.23, 66.5, 112.7,
115.6, 119.9, 128.7, 129.6, 141.7, 146.4, 147.7, 156.8 (C‚O),
166.9 (C‚O). MS (EI): m/z (%) = 329.87.
Figs. 3a, 3b, 3c, 3d represent the FT-IR, 13C, 1H and LC-
MS of MFC respectively.
2.5. Medium
The solubility of MFC was found to be 0.5 g in 100 ml of 1 M
HCl. The standard solution of 1 M hydrochloric acid was pre-
pared using double distilled water. The experiments were car-
ried out in the presence and absence of MFC at various
concentration ranges from 0.3 mM to 2.1 mM, and tempera-
ture ranges from 30 C to 60 C.
2.6. Material
Brass with the composition of Cu (60.66%), Zn (36.58%), Sn
(1.02%) and Fe (1.74%) was used and exposed geometrical
Figure 1 Synthesis of CFC.
Figure 2a FT-IR spectrum of CFC.
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papers of different grades and cleaned with double distilled
water, acetone and ﬁnally dried (Yohai et al., 2011).2.7. Weight loss method
The Weight loss method was carried out according to the
method described previously (Jamal Abdul Nasser et al.,
2011, 2012). The Weight loss method was performed from
30 C to 60 C for 2 h by immersing the brass coupons in
1 M hydrochloric acid solution in the presence and absence
of inhibitor. After the immersion time, the specimens were
taken out, washed with double distilled water dried and
weighed accurately (Laamari et al., 2011, 2012). The entire test
was performed in triplicate, and the average values were
reported. The following equation determined the inhibition
efﬁciency (I.E.) and surface coverage (h).
I:E ðorÞ g% ¼ W0 W1
W0
 100 ð1Þ
h ¼ W0 W1
W0
ð2Þ
where W1 and W0 are the weight loss values in the presence
and absence of inhibitor.2.8. Electrochemical measurement
The electrochemical experiments were performed in a conven-
tional three-electrode system in which saturated calomel elec-
trode (SCE) was used as a reference electrode, platinum
sheet as a counter electrode and brass coupons of 1.0 cm2 area
exposed as working electrode (Zhang et al., 2008). Experi-
ments were carried out in the presence and absence of inhibi-
tor. In electrochemical measurements, a stabilization period
of one hour was allowed, which is enough to attain stable Ecorr
value.
2.9. Potentiodynamic polarization
Polarization studies were carried out in Electrochemical Work-
station Model 600 D/E Series. Both cathodic and anodic
polarization curves were recorded. Tafel polarization curves
were obtained by changing the electrode potential value from
±0.200 V at open circuit potential with a scan rate of
1.0 mV S1. Corrosion parameters such as corrosion potential
(Ecorr), corrosion current (icorr) and Tafel slopes both cathodic
bc and anodic ba were calculated. The inhibition efﬁciency (IE)
and corrosion rate (CR) were calculated by using the formulae
I:E ðorÞ g% ¼ ½1 ði0corr=icorrÞ  100 ð3Þ
O NH2
O
O
HN
Figure 2b 13C spectrum of CFC.
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q Z ð4Þ
where i0corr and icorr are the corrosion current density of brass in
the presence and absence of MFC. M=Atomic mass of
metal, q= density of corroding metal, Z=Number of elec-
trons transferred per metal atom (Z= 2) (Preethi Kumari
et al., 2014).
3. AC Impedance
AC impedance was carried out in Electrochemical Worksta-
tion Model 600 D/E Series. AC frequency was varied from
100 mHz to 100 kHz. The real part (Z0) and imaginary part
(Z0 0) of the cell impedance were measured in Ohms for frequen-
cies. The Rct (charge transfer resistance) and Cdl (double layer
capacitance) values were calculated. Cdl (double layer capaci-
tance) values were calculated using the relationship (5) where
fmax is the frequency and Rct are the charge transfer resistance.
Cdl ¼ 1
2 3:14 fmax Rct
ð5Þ3.1. Scanning Electron Microscope (SEM)
The brass specimen was polished with various grades of emery
sheet, rinsed with distilled water, degreased with acetone, driedand then immersed in 1 M hydrochloric acid in the presence
and absence of MFC for 2 h. The surface morphology of brass
was recorded using a scanning electron microscope.4. Result and discussion
4.1. Weight loss method
The effect of concentration of MFC on the corrosion of brass
in 1 M HCl was shown in Table 1. It has been observed that
the inhibition efﬁciency (IE) of MFC increases with an increase
in the concentration of inhibitor and temperature (Sharma
et al., 2011). The increase in inhibition efﬁciency was due to
the blocking effect on the surface of the metal by adsorption,
ﬁlm formation mechanism and also due to the presence of pro-
tonated nitrogen and the oxygen atom of MFC. This makes it
absorbs quickly on the surface of brass forming an insoluble,
stable ﬁlm. The greater recital of MFC was due to the presence
of amide moiety and one morpholine ring.
4.2. Tafel polarization measurements
The potentiodynamic polarization curves of brass in 1 M HCl
in the absence and presence of various concentrations of MFC
at 60 C is shown in Fig. 4 The values of corrosion potential
(Ecorr), corrosion current density (icorr), anodic (ba) and
O NH2
O
O
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Figure 2c 1H spectrum of CFC.
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Figure 2d LC-MS spectrum of CFC.
Figure 3 Synthesis of MFC.
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tion method. The value of corrosion rate of brass decreases
as the concentration of MFC increases with respect to temper-
ature. The presence of inhibitor decreases the corrosion rate
and icorr prominently with an increase in the concentration of
inhibitor associated with a shift of corrosion potential (Ecorr)
to more positive (Khaled et al., 2012, 2014). Further, the inhi-
bition efﬁciency of MFC increases with an increase in concen-
tration and temperature. This is due to physisorption of an
inhibitor molecule adsorbed at low temperature, which is
changed to chemisorptions at a higher temperature. The max-
imum inhibition efﬁciency of MFC was found to be 79.43% in
2.1 mM at 60 C.From Table 2 it was observed that the addition of MFC
shows a positive shift in Ecorr value. It was reported that if
the corrosion potential shift exceeds with ±85 mV with respect
to the corrosion potential of the uninhibited solution, the inhi-
bitor acts as either anodic or cathodic type. In the present
study Ecorr vary within ±50 mV, which indicates that MFC
acts as a mixed type inhibitor and it inhibits both cathodic
reaction (hydrogen evolution) and anodic reaction (metal dis-
solution) (Singh, 2012). It was observed that no speciﬁc varia-
tions obtained for cathodic Tafel slope and anodic Tafel slope
which indicates that MFC was ﬁrst adsorbed on the surface of
the metal by blocking the reaction sites of the metal surface
without altering the cathodic and anodic reaction mechanism.
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the presence of inhibitor than that of HCl solution. The result
obtained in this method was a good agreement with conven-
tional weight loss method.4.3. Electrochemical impedance spectroscopy
The impedance behavior of brass in 1 M HCl was studied in
the presence of MFC, and the results were compared with
Table 1 Weight loss measurements of brass in IM HCl with
MFC from 30 C to 60 C.
S.
No.
Temp.
(C)
Con. of
inhibitor
(mM)
Corrosion
rate
(mmpy)
Surface
coverage
(h)
Inhibition
eﬃciency (I.
E.)%
1 30 C Blank 18.603 – –
0.3 8.018 0.3750 37.50
0.6 6.235 0.4017 40.17
0.9 5.566 0.4375 43.75
1.2 3.675 0.4821 48.21
1.5 2.452 0.5103 51.78
1.8 2.089 0.5803 58.03
2.1 1.195 0.6250 62.50
2 40 C Blank 48.249 – –
0.3 12.025 0.4112 41.12
0.6 8.408 0.4435 44.35
0.9 6.371 0.4677 46.77
1.2 4.462 0.5000 50.00
1.5 2.865 0.5403 54.03
1.8 2.107 0.6048 60.48
2.1 1.572 0.6532 65.32
3 50 C Blank 86.187 – –
0.3 37.437 0.4729 47.29
0.6 28.023 0..4932 49.32
0.9 20.482 0.5270 52.70
1.2 16.147 0.5675 56.75
1.5 12.286 0.6013 60.13
1.8 10.203 0.6418 64.18
2.1 9.576 0.6756 67.56
4 60 C Blank 326.980 – –
0.3 47.748 0.5333 53.33
0.6 32.857 0.5555 55.55
0.9 26.279 0.5777 57.77
1.2 20.184 0.6166 61.66
1.5 15.243 0.6550 65.50
1.8 14.187 0.7111 71.11
2.1 10.119 0.7488 74.88
Figure 4 Potentiodynamic polarization curves of MFC for brass
in 1 M HCl at 60 C.
128 N. Zulfareen et al.Tafel polarization experiments. A Nyquist plot was recorded
for the inhibition of brass with various concentrations of
MFC at 60 C in 1 M hydrochloric acid as is shown inFig. 5. The Nyquist plots obtained with MFC show only one
capacitive loop with high frequency due to charge transfer
resistance and time constant of the electrical double layer
and the diameter of semicircle increases with an increase in
the concentration of inhibitor, which indicates that the pres-
ence of inhibitor strengthens the inhibitive ﬁlm (Benabdellah
et al., 2011a,b). All the Nyquist plots show a semicircle and
they were ﬁxed using one time constant equivalent model
(Randle’s model) with charge transfer resistance (Rct), double
layer capacitance (Cdl) and corrosion current (icorr).
A simple Randle’s equivalent circuit was shown in
Fig. 6a and b in the absence and presence of MFC to ﬁt the
Nyquist plot in 1 M hydrochloric acid solution. The circuit
contains a solution resistance (Rs), charge transfer resistance
(Rct), one constant phase element (CPE) and Warburg impe-
dance (W) for brass in 1 M hydrochloric acid. In the presence
of MFC a constant phase element CPE1 was assigned to
explain the heterogeneity of the system (Quartarone et al.,
2008; Sudeshna et al., 2009).
It could be seen from the Table 3 that the Cdl value
decreases as the concentration of inhibitor increases. The
decrease in Cdl value is due to increase in an electrical double
layer on the surface of the metal solution. It implies that the
inhibitor undergoes adsorption on the surface of the metal
with dissolution. The value of Rct (charge transfer resistance)
increases with an increase in the concentration of inhibitor,
which indicates that the charge transfer process was mainly
controlled by corrosion.
4.4. Cyclic voltammetric studies
The cyclic voltammogram for brass with and without inhibitor
was shown in Fig. 7. It can be seen that bare brass shows two
oxidation peaks at the forward scan at 0.198 V (SCE) and
0.223 V (SCE). The ﬁrst peak is attributed to the formation
of CuCl2

(aq) and the second peak is the further oxidation of
Cu+ to either to Cu2+ or due to the formation of the insoluble
Cu2O. In the reverse sweep, there is only one large reduction
peak occurring at 0.401 V (SCE) which is due to the reduc-
tion of Cu2+ formed during the oxidation process.
The cyclic voltammogram as shown in Fig. 7 also shows the
effect of the addition of the various concentrations of the inhi-
bitor, and it is interesting to note that two main changes have
occurred with the addition of the inhibitor. First one exhibits
only one peak for brass in both forward as well as reverse
sweep at around 0.12 V(SCE) for the forward scan and
+0.214 V(SCE) for the reverse sweep. The reduction in the
Volt is attributed to adsorption of the inhibitor on the brass
surface. The Second change is the reduction of the oxidation
and reduction peak, which diminishes drastically with the
addition of the inhibitor. This observation indicates that the
inhibitor added to the solution is adsorbed on the brass surface
effectively and reduces the oxidation of the copper in the brass.
Inhibition of corrosion and initial characterization of inhi-
bitor under investigation was done by carrying out cyclic
voltammograms of brass with various concentrations of the
inhibitor at voltage range of 1.2 V to 1 V and scan rate
was 0.05 V (Fig. 7). The range was ﬁxed to take into account
the oxidation and reduction potential of Zn and copper ions
in various oxidation states as reported by researchers
(El-Sayed Sherif et al., 2008; Du et al., 2012).
Table 2 Tafel polarization parameters for brass in 1 M HCl with MFC from 30 C to 60 C.
S.No. Temp. (C) Conc. of inhibitor (mM) Ecorr (V/SCE) ba (mV dec1) bc (mV dec1) icorr (mA cm2) CR (mmpy) IE%
1 30 C 0 537 3.32 6.09 2.431 562.4 –
0.3 472 5.17 6.00 1.455 92.36 40.14
0.6 468 5.38 5.91 1.232 86.15 49.32
0.9 460 5.46 5.62 1.195 79.58 50.84
1.2 462 4.14 6.07 1.003 68.18 58.74
1.5 462 4.58 6.40 0.823 63.55 66.14
1.8 466 4.83 6.46 0.711 58.97 70.75
2.1 473 5.21 6.81 0.614 49.51 74.74
2 40 C 0 520 5.45 5.92 2.660 1274 –
0.3 493 5.61 4.11 1.412 874.10 46.91
0.6 486 5.88 4.30 1.238 814.60 53.45
0.9 479 5.97 4.64 1.011 785.20 61.92
1.2 473 4.23 4.81 0.914 751.60 65.63
1.5 474 4.79 5.20 0.831 688.90 68.75
1.8 469 5.01 5.66 0.743 616.40 72.67
2.1 466 5.19 5.94 0.668 589.30 74.88
3 50 C 0 490 6.32 5.87 4.953 1895 –
0.3 484 6.70 5.74 2.615 986.10 47.20
0.6 480 8.86 5.67 2.286 854.30 53.84
0.9 476 8.89 5.59 1.836 801.90 62.93
1.2 468 7.74 6.14 1.608 786.70 67.53
1.5 453 7.68 6.33 1.514 752.60 69.43
1.8 455 7.91 6.19 1.242 700.40 74.92
2.1 449 7.66 6.24 1.086 659.70 78.07
4 60 C 0 468 7.31 5.33 7.186 2578
0.3 455 6.95 5.15 3.621 658.40 49.61
0.6 446 6.74 4.96 3.112 605.80 56.69
0.9 432 7.14 4.88 2.463 517.80 65.72
1.2 426 7.18 4.64 2.215 490.50 69.14
1.5 430 7.06 4.92 1.953 420.80 72.82
1.8 435 6.52 4.95 1.741 387.20 75.77
2.1 429 6.69 4.36 1.478 192.60 79.43
Figure 5 AC impedance curves of MFC for brass in 1 M HCl at
60 C.
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The mechanism of the corrosion of copper in brass in aqueous
solution and the main reaction that can take place in the acidic
medium is given below (Chen et al., 2012; Sudheer and
Quarishi, 2013; Akabueze and Itodo., 2012)CuðsÞ þ 2ClðaqÞ ! CuCl2ðaqÞ ð6Þ
CuCl2
 may be further oxidized in the acid medium to cop-
per (II)
CuCl2ðaqÞ ! Cu2þðaqÞ þ 2ClðaqÞ þ e ð7Þ
CuCl2ðaqÞ þH2OðlÞ ! Cu2OðsÞ þ 2ClðaqÞ þ 2HþðaqÞ ð8Þ4.6. Dezincification factor
Dezinciﬁcation factor is studied by analyzing the amount of
copper and zinc ion present in the solution from a weight loss
method using atomic absorption spectroscopy (Elico-India).
Dezinciﬁcation factor is deﬁned by the following equation
(Bag et al., 1996) where the concentration of zinc and copper
is in ppm.
Dezincification factorðZÞ ¼
Zn
Cu
 
solution
Zn
CU
 
Alloy
ð9Þ
The result of the dezinciﬁcation in 1 M HCl and the opti-
mum concentration of the inhibitor (700 ppm) are presented
in Table 4. It is evident from the results that both the copper
and zinc are leached into the solution. The ratio of copper to
zinc in the solution was found to be much smaller than in
the alloy.
Figure 6 a and b Equivalent circuit for brass in 1 M HCl in the absence and presence of MFC at 60 C.
Table 3 AC impedance parameters for brass in 1 M HCl with
MFC from 30 C to 60 C.
S.No. Temp. (C) Conc.of
inhibitor
(mM)
Rct Cdl I.E.%
1. 30 C 0 17.0 220.52 –
0.3 32.13 150.46 47.08
0.6 36.53 135.33 53.46
0.9 39.64 128.98 57.11
1.2 43.71 120.09 61.10
1.5 46.12 119.74 63.13
1.8 49.84 101.56 65.89
2.1 55.65 96.82 69.45
2. 40 C 0 12.60 319.49 –
0.3 27.69 305.13 54.49
0.6 33.53 298.31 62.42
0.9 38.14 256.81 66.96
1.2 41.88 208.30 69.91
1.5 44.75 191.14 71.84
1.8 48.92 150.66 74.24
2.1 51.97 121.43 75.75
3. 50 C 0 9.81 698.32 –
0.3 23.71 522.57 58.62
0.6 26.96 495.32 63.61
0.9 30.38 467.66 67.70
1.2 34.57 449.27 71.62
1.5 39.01 418.11 74.85
1.8 42.66 305.73 77.00
2.1 47.50 296.46 79.34
4. 60 C 0 6.14 1068.52 –
0.3 19.36 924.17 68.28
0.6 22.73 903.69 72.98
0.9 28.19 853.17 78.21
1.2 31.61 793.15 80.57
1.5 37.58 732.68 83.66
1.8 41.36 642.93 85.15
2.1 45.84 595.01 89.60
Figure 7 CV: for brass in 1 M HCl in the absence and presence
MFC at 60 C.
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alloy and the related growth of the surface ﬁlm. Copper is less
leached in the solution than zinc, because Eo(cu2+/Cu) for copper
is positive with a value of +0.34 V against the value for zinc
whose Eo(Zn2+/Zn) is 0.76 and also diffusion depends on the
size of the ion, and zinc (II) ion having an atomic radius of
0.074 nm diffuses faster than the copper (II) ion which has
atomic radius of 0.096 nm. With the addition of the inhibitor,
the results indicate both copper leaching and zinc leaching are
minimized, but the percent inhibition of the zinc is found to be
much higher than the copper. The dezinciﬁcation factor with
the inhibitor is 30.07 compared to the factor with 1 M HCl,which is 59.65. The addition of inhibitor has reduced the dez-
inciﬁcation factor of 29.58. The results indicate that the inhibi-
tor at optimum concentration effectively inhibits the
dezinciﬁcation of brass in 1 M HCl.
4.7. Adsorption isotherm
Various adsorption isotherms such as Langmuir, Freundlich,
Temkin, Hill de Boer, Flory–Huggins, Frumkin, Dhar-Flory
Huggins, Parsons and Bockris-Swinkels isotherms were used,
which are most frequently used for determination of the
adsorption studies follows the general formula
fðh; xÞeð2ahÞ ¼ KC ð10Þ
where f(h,x) is the conﬁgurational factor, h is the surface cov-
erage, K is the constant of the adsorption process and can be
equated to equilibrium constant, C is the inhibitors concentra-
tion expressed in molarity, and a is the molecular interaction
parameter (Ma et al., 2000; Arshadi et al., 2002). These
adsorption isotherms are tested on the data obtained and it
is found that the highest correlation coefﬁcient is shown by
the Langmuir isotherm with values greater than 0.97.
4.8. Langmuir adsorption isotherm
The adsorption of MFC on the brass surface is modeled with
Langmuir isotherm equation
C
h
¼ 1
K
þ C ð11Þ
Fig. 8 shows the plot of C/h vs. C for various temperatures
and the values of R2 and slope are listed in the Table 5 used to
describe the adsorption process that is based on three
Table 4 Solution analysis by AAS for brass in 1 M HCl in the
absence and presence of MFC.
Inhibitor Solution
analysis
Dezinciﬁcation
factor
Percent
inhibition
Cu
(ppm)
Zn
(ppm)
Cu Zn
1 M HCl 0.198 7.123 59.65 – –
Inhibitor
(optimum
concentration)
0.0423 0.767 30.07 78.63 89.23
Figure 8 Plot of C/h vs. C for various temperature with MFC.
Table 5 Equilibrium and statistical parameter for adsorption
of MFC on Brass surface in 1 M HCl.
Temperature R2 Kads Slope DG
303 0.970 1703.578 1.112 28.8387
313 0.995 2212.00 1.182 30.4701
323 0.992 2518.892 1.127 31.7925
333 0.995 2873.563 1.124 33.1415
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not proceed beyond monolayer. 2. All the adsorption sites
are equal denoting the probability of adsorption is same every-
where. 3. There is no interaction between the adsorbing mole-
cule and the adsorption process is independent of the
neighboring occupied sites (Abdel-Rehim et al., 2011;
Kharchouf et al., 2011). The slope of the straight line obtained
from the isotherm for all the temperatures is nearly 1.12,
greater than 1 which suggests that 1 molecule of MFC occupies
more than 1 site approximately 1.12 adsorption site on the
brass surface.
The Surface coverage h gives valuable information about
the corrosion inhibition mechanism of the inhibitory molecules
on the brass alloy. Tafel polarization method is employed in
this work to ﬁnd the surface coverage h at different inhibitor
concentrations. Surface coverage (h) can be calculated from
the following equation. Where Vo is, the corrosion rate with-
out inhibitor and V is the corrosion rate with inhibitor. The
value of h is used to ﬁt the different isotherm and the isotherm
best described by the adsorption process at each temperature is
determined.
h ¼ Vo V
Vo
ð12Þ
DGads ¼ RTðln55:5KadsÞ ð13Þ
By using Eq. (13) DGads is calculated at 60 C and it was
found to be 33.14 kJ/mol. The High value of Kads and the
negative sign of DGads indicate that MFC is strongly adsorbed
on the surface of the brass. The chemisorption of MFC on the
brass surface can also be inferred from the value of DGads.
Normally a value of DGads around 20 kJ/mol indicates that
physisorption due to the Vander walls attraction between the
alloy and the inhibitor is the main process, but when the value
of DGads becomes 30 kJ/mol or more negative then
chemisorptions would dominate.From Table 5 it is inferred that with an increase in temper-
ature the value of DGads becomes more and more negative
which indicates that chemisorptions dominate at high temper-
ature. Coordinate bonding between the metal surface and the
MFC molecule leads to the higher adsorption of the inhibitor
at a higher temperature.
4.9. Effect of temperature
The effect of temperature on the corrosion rate of brass in 1 M
hydrochloric acid and the inhibition efﬁciency of MFC was
studied at different temperature ranges from 30 C to 60 C
using potentiodynamic polarization studies. The temperature
has a diverse effect on the corrosion of the Brass in an acid
medium. With the increase in temperature corrosion increases
in metal without the inhibitor. With inhibitor, the corrosion
may increase or decreases depending upon the inhibitor used.
Corrosion rate increases with an increase in the temperature
in both blank and also with inhibitor. The temperature effect
on the corrosion is multifaceted, with many changes occurring
on the surface that includes rapid etching of the metal,
chemisorption of the inhibitor, and there may be decomposi-
tion of inhibitor, rearrangement of inhibitor or rapid desorp-
tion of inhibitor on the metal surface (Saliyan and Adhikari,
2009). Corrosion rate normally increases with an increase in
the temperature, when there are chemisorptions taking place
between the inhibitor and in the brass the inhibition efﬁciency
increases with an increase in temperature.
There is an equilibrium that exists between the inhibitor
and the brass at a particular temperature when the tempera-
ture is changed the equilibrium shifts, and there is a new equi-
librium established with different K value. At lower
temperature physisorption dominates when the temperature
increase there is an increase in the chemisorptions of MFC
on the brass surface.
Arrhenius equation and transition state equation are used
for the calculation of the activation energy, enthalpy of
adsorption and entropy of adsorption. The Arrhenius and
transition state plots are shown in Fig. 9.
LogðIcorrÞ ¼ Ea=ð2:303RTÞ þ logA ð14Þ
Icorr ¼ RT=Nh expðDS=RÞ expðDH=RTÞ ð15Þ
where Icorr is the corrosion current, R is the universal gas con-
stant, T is the absolute temperature, N is the Avogadro num-
ber, h is the plank’s constant, DS* is the entropy change for the
adsorption process and DH* is the enthalpy change.
The plot of log (Icorr) Vs 1/(T  103 K) for blank and var-
ious concentrations of inhibitors are shown in Fig. 10. A
straight line was obtained. Ea is calculated from the slope of
the line, and the results are tabulated in Table 6. It is seen that
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Figure 9 The Arrhenius plot of log Icorr vs. 1/T 10
3 for the
effect of temperature on the performance of MFC on brass in 1 M
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Figure 10 Transition state plot for brass corrosion with and
without MFC in 1 M HCl at 60 C.
132 N. Zulfareen et al.Ea decreases with an increase in temperature. The MFC obeys
Radovici classiﬁcation on the Brass. Radovici classiﬁed the
inhibitors into three groups according to the temperature
effects.
1. The value of the activation energy is greater in the inhibitor
solution than in the blank; then the inhibition efﬁciency
(I.E.) of the inhibitor decreases with an increase in
temperature.
2. The value of activation energy is equal to both the inhibitor
solution and blank; then the inhibition efﬁciency (I.E.) does
not change with the temperature.
3. The value of activation energy is less in the inhibitor solu-
tion than in the blank; then the inhibition efﬁciency (I.E.) of
the inhibitor increases with an increase in temperature.
MFC showed activation energy lesser in the inhibitedTable 6 Thermodynamic parameters for corrosion of brass in 1 M
Concentration (ppm) Ea (kJ/mol) A (A/cm
2) DH (kJ/mo
Blank 32.32 805.35 29.68
100 27.90 81.64 23.74
300 27.21 49.08 22.57
500 26.63 28.60 21.58
700 26.04 17.32 21.39solution than the activation energy of the uninhibited solu-
tion and hence with an increase in temperature the inhibi-
tion efﬁciency increases.
MFC forms a chemical bond with the metal surface at high
temperature. Chemisorptions of the MFC is explained by the
formation of coordinate bond between the hetero atom
(Nitrogen, oxygen atom) present in the inhibitor with d orbital
of the metal especially copper thereby reducing the corrosion
of the Brass in HCl (Hamdy Hassan et al., 2007). With the
increase in temperature, there is a considerable increase in
the adsorption of the MFC on the brass surface which
decreases the activation energy. With the increase in a temper-
ature increase in the chemisorptions leads to the considerable
higher amount of adsorbed molecule on the surface, so the
equilibrium shifts to more of adsorption and less of desorp-
tion. As a result, the lesser surface of brass is exposed to
HCl and hence there is a decrease in the corrosion of the alloy
in the solution.
Table 6 shows that at the inhibitor concentration of
700 ppm the Ea value is the lowest which is also the optimum
condition of inhibitor concentration. The decreasing values of
Ea with an increase in temperature clearly show that there is a
chemical adsorption on the brass surface and MFC molecule.
Arrhenius frequency factor also reduces with increase in tem-
perature that can be referred to the decrease in the rate of cor-
rosion of brass.
The plot of log (Icorr/T) Vs 1000/T was shown in Fig. 10. A
straight line is obtained and from the slope of the line DH and
DS are calculated from the slope and the intercept and the val-
ues are given in Table 6. DH and DS values at optimum con-
dition of inhibitor in 1 M HCl on the brass surface
(21.39 kJ/mol and 178.47 J/(mol K)) are less than the values
in the absence of inhibitor (29.68 kJ/mol and 140.73 J/(-
mol K)). A negative value of the entropy suggests that there
is higher adsorption of the inhibitor on the surface of the brass
compared to the water molecule replacement on the brass sur-
face. The positive value of DH also suggests that adsorption is
endothermic nature.
5. Scanning electron microscope
SEM investigation was carried out to differentiate the surface
morphology of brass after the immersion of metal in 1 M HCl
in the absence and presence of MFC for two hours. Fig. 11(b)
shows facets, cracks and rough surface due to the corrosive
action of 1 M HCl on the surface of brass at 20 lm. Fig. 11
(c) shows a smooth surface with feeble corrosion attack in
the presence of MFC at 20 lm. This conﬁrms the adsorption
of MFC on the brass surface by the formation of a protective
ﬁlm on brass that retorted the corrosion process.HCl with MFC.
l) DS (kJ/K.mol) DG (kJ/mol)
303 313 323 333
140.73 72.32 73.73 75.13 76.54
164.11 73.47 75.11 76.47 78.39
170.60 74.27 75.97 77.67 79.38
175.42 74.73 76.49 78.24 79.99
178.47 75.46 77.25 79.03 80.82
Figure 11 (a) SEM image of brass before immersion (polished). (b) SEM image of brass in IM HCl. (c) SEM image of brass in IM HCl
with MFC.
Table 7 Quantum chemical parameters for compounds
calculated using RB3LYP/6–311G (d,p).
Compound EHOMO
(eV)
ELUMO
(eV)
DE
(eV)
Dipole
moment
(debye)
MFC 0.06277 0.02824 0.03453 4.9349
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In this present work, Quantum chemical calculations were per-
formed to explain the relationship between the molecular
structure and the inhibition action of the inhibitor. According
to Fukui’s frontier molecular orbital theory the ability of inhi-
bitor is related to the frontier molecular orbital- highest occu-
pied molecular orbital (HOMO), lowest unoccupied molecular
orbital (LUMO) and dipole moment (I). Based on this theory
the formation of the transition state is due to the interaction
between the frontier orbitals HOMO and LUMO of the reac-
tants. EHOMO is related to the electron donating ability of the
molecule. If the value of EHOMO is high, then the molecule has
a tendency to donate electrons to appropriate acceptor mole-
cules with low energy empty molecular orbitals thereby
increasing the efﬁciency of the inhibitor. If the value of ELUMO
is low, then the molecule has the tendency to accept electrons.
Moreover, the energy gap between EHOMO and ELUMO of the
molecule is used to develop the theoretical models that areFigure 12a Optimized molecapable of explaining the structure and conformation in a
molecular system. It has been observed that smaller the value
of energy gap, higher the inhibition efﬁciency due to the
adsorption and polarization of the molecule on the metal sur-
face (Obaid et al., 2013).
The computed quantum parameters such as EHOMO,
ELUMO, DE, Mulliken charge and dipole moments are shown
in Table 7. It can be seen from the table that MFC has higher
EHOMO value (0.06277) which indicates that it has the ten-
dency to donate electrons to an appropriate acceptor molecule,
whereas the value of ELUMO is less (0.02824) indicates that it
accepts electrons. Subsequently the value of energy band gap is
low (0.03453) which indicates that the stability of MFC on the
surface of metal improves the corrosion resistance of brass in
1 M HCl. The dipole moment (I) of MFC is 4.9349 which is
greater than water (1.88 Debye), reveals that there is a strong
dipole–dipole interaction between MFC and the metal surface
(Li et al., 2014).
Fig. 12a, (b) and (c) represent the optimized molecular
structure, HOMO and LUMO of MFC. Frontier orbital the-
ory is also useful in predicting the adsorption centers of inhibi-
tor molecules responsible for the interaction on the surface of
metal atoms. In Fig. 12b the distribution of orbital is even in
(LUMO) which indicates that the amide moiety and the mor-
pholine ring present in MFC are responsible for the inhibition.
This is conﬁrmed by the Mulliken charge analysis. The Mul-
liken charge analysis is used to calculate the adsorption center
of inhibitor, and it was observed that, if the heteroatom has a
more negative charge then adsorption is more on the surface ofcular structure of MFC.
HOMO LUMO
(b) (c)
Figure 12 (b) and (c) Frontier molecular orbital density distribution of MFC.
Table 8 Mulliken atomic charges for MFC compound.
Atom no. Mulliken charge
1C 0.036191
2C 0.247860
3C 0.146791
4C 0.036143
5O 0.201506
6H 0.177522
7H 0.180093
8H 0.175997
9C 0.610158
10O 0.469830
11N 0.502192
12H 0.293260
13C 0.279737
14C 0.303477
15C 0.290848
16C 0.020271
17H 0.171356
18C 0.010777
19H 0.186606
20C 0.242628
21H 0.149548
22H 0.160285
23C 0.603398
24O 0.542892
5N 0.494120
26H 0.270818
27C 0.018876
28H 0.134650
29H 0.152993
30C 0.198273
31C 0.195760
32C 0.004332
33H 0.134006
34C 0.001443
35H 0.131278
36H 0.139022
37H 0.124098
38O 0.448549
39H 0.163462
40H 0.123209
41H 0.136581
42H 0.139796
43N 0.356804
134 N. Zulfareen et al.the metal. Mulliken charges for MFC were shown in Table 8.
From the table it was inferred that the Mulliken charge of het-
ero atom (N) is more negative, indicates that the adsorption is
due to the electron donation from an electronegative atom (N)
to the metal surface.
6. Conclusions
Polarization measurements indicate that MFC acts as a mixed
type inhibitor. The efﬁciency of MFC obtained from AC impe-
dance is in good agreement compared with conventional
weight loss and polarization methods. Cyclic voltammetry
study indicates that the addition of inhibitor reduces the oxida-
tion of copper on the brass surface. Thermodynamic parame-
ters show that the adsorption of MFC obeys Langmuir
adsorption isotherm. The corrosion inhibition of MFC was
closely related to quantum parameters. The purity of the com-
pound was conﬁrmed by LC-MS.
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